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A STUDY OF THE EFFECTS OF LONG-TERM GROUND
AND FLIGHT ENVIRONMENT EXPOSURE ON THE
BEHAVIOR OF GRAPHITE-EPOXY SPOILERS |

By Robert L. Stoecklin
The Boeing Company

SUMMARY AND PROGRAM STATUS

The first quarter activities have been devoted primarily to screening and evaluating graphite
material candidates, preparing specifications for fabrication processing and quality control of graphite
materials, and designing and fabricating tooling.

"The screening and evaluation of graphite material candidates is presented in the “Design” sec-
tion, with tabular results of the properties and other qualities of each of the six competing vendor
products. The data compiled are considered to be sufficiently conclusive to make the appropriate
recommendations to NASA to select three graphite suppliers.

The tooiing design and fabrication effort is proceeding on schedule as shown in the “Production”
section.

INTRODUCTION

Considerable effort has been expended in recent years to explore the potential of composite
materials as a means of increasing structural efficiency and fatigue life of aircraft structure. Numerous
efforts have been undertaken to design and fabricate representative portions of aircraft structures,
with the method of substantiation primarily characterized as static testing. Relativély modest efforts
have been expended to gather meaningful fatigue data while virtually no information is available to
evaluate the ability of composite structure to resist the various environmental exposures encountered
in regular commercial airline service. It is to this latter environmental exposure problem that this pro-
gram is being addressed. -




[

%
%

"The Boeing Company has for several years been engaged in a developmental program to adapt
the tachnology of advanced-composite materials to production airplane components. This program
has progressed to the point where specific airplane components have been fabricated, FAA approval
has been obtained, and units have been introduced into service test on commercial aircraft. Two
borom-epoxy foreflaps are currently being flown on a 707 aircraft by Northwest Airlines. In addition,
two graphite-epoxy flight spoilers have been installed and are currently in service on a Western Air-
lines 737 (fig. 1). It is these Boeing-designed spoilers, in parficular, which offer an exceptional oppor-
tunity to gain extensive service exposure and experience. Though important functionally, they are not .
critical to the safety of the aircraft. The installation positions selected for the spoilers (fig. 2) are in
the minimum lightning exposure zone (fig. 3) to minimize the potential problem associated with light-
ning strikes.

Each 12-1b spoiler provides a sizable exposure area (15.8 sq ft). Each unit is easily installed and’
readily removable for inspection or replacement. This provides the opportunity for periodic labora-
tory inspection and evaluation. Each composite spoiler can be individually replaced with an aluminum
spoiler should the situation warrant. '

The model 737 is an excellent aircraft to provide test exposure. Each aircraft is typically accu-
“mulating approximately 3000 flight-hours per year. Flight times are relatively short, providing maxi-
murn environmental cycling. The choice of operational environment is almost unlimited. Approxi-
mately 300 of these aircraft are in service over a worldwide route system.

~ Under this contract, a limited production run of 114 task I and 11 task II spoilers will be pro-
duced for laboratory testing and service evaluation deployment. Four spoilers will be installec on each
of 27 aircraft representing five major airlines operating in different environmental circumstances.
These units will be monitored under actual load and environmental conditions for a period of 5 years.
Periodic removal of selected units will be accomplished to evaluate any material degradation as a
function of time. Task II spoilers will be phased into the evaluation program as additional installations
as well as replacements for task I spoilers removed for evaluation and testing.

DESIGN

MATERIAL SCREENING
in accordance with contract NAS1-11668, a materials screening program was conducted by the

Structures Technology —Materials organization to select three graphite-epoxy systems from several
epoxy matrixes and graphite reinforcements that are commercially available. The screening program

A



sequence of events was as follows:

e Contact epoxy-graphite vendors and establish quantity of prepreg required and establish
delivery date.

o Receive prepreg and fabricate test laminates.

e . Prepare test specimens and condition speciméns as required.

e Coordinate with manufacturing to evaluate prepreg for tape laying machine adaptability.
e Conduct tests for mechanical properties and laminate and prepreg physical‘ properties.

® Reduce data and summarize findings.

® Make recommendations for selection of three graphite-epoxy systems.

The suppliers contacted are listed in table 1 , which also lists the other suppliers that submitted
material in time to be evaluated in the screening program.

As graphite-epoxy material was received, it was inspected visually for defects and general quality.
Unidirectional and crossplied laminates were layed up and cured to provide tensile, compression, and
short-beam shear-test specimens, as shown in figure 3.

Each supplier specified cure cycles for either autoclave or positive-pressure cycles ar.d provided
layup instructions for bleeder and vacuum bagging application. The laminate layup is shown in fig-
ure 4. The cure cycles, shown in figures 5 through 10, were followed closely.

Test specimens were machined from the cured laminates after fiberglass tabs were bonded to
both surfaces at each end. The specimen configurations are as shown in figures 11 through 13. Each
specimen was permanently identified according to vendor, laminate orientation, load direction, and
specimen number. Test specimen conditioning consisted of the following:

e  Aslaminated; no conditioning

e Elevated temperature; exposed to 160° F environment for a 1/2 hr and tested at 160° F

e  Wet; exposure to humid environment of 140° F and 100% relative humidity for periods of
30 and 42 days, tested wet at room temperature. ‘
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A summary of the observations of prepreg and laminate quality is shown in table 2, which is
based on visual observations and problems that occurred during handling. Vendors were requested to
supply a product that represented their best “production’ material.

Table 3 shows a tabulation of mechanical properties obtained thus far in the test program. Data
are not yet available for the areas of the table that are blank. In addition to Boeing test data, typical
vendor data are presented for comparison and to establish correlations between vendor and Boeing
test data. In addition, prepreg and laminate physical properties are shown. A discussion of the test
results follows.

TABLE 2.—OBSERVATIONS ON PREPREG AND LAMINATE QUALITY

Vendor Prepreg Laminate

1 Supplied in 4-in.-wide tape. Fiber uniformity Quality good.
good with minimum number of defects.

2 Good uniformity in tack, filament orientation, | Overall quality was good except that
width control, and resin distribution. Thick- considerable warpage of unidirectional
ness slightly low. laminates occurred during postcure.

Warpage in 0°direction.

3 General quality fair. Defects were marked, but | Quality poor in that ““washboarding”
splices were made in such a manner that the occurred across the width or uni-
splice tape was difficult to see in prepreg. directionai laminates. This condition
Several areas of fiber separation with gaps up | was minimized in the crossplied
to 1/16 in. were noted. Resin uniformity laminates.
appeared satisfactory.

4 Prepreg supplied in 9- by 60-in. sheet since tape| Unidirectional laminates fabricated
impregnation equipment not operational. First | using first batch, crossplied laminates
batch quality fair to poor but second batch fabricated using second baich. Uni-
quality very good. Thickness control poor. directional laminate quality fair and

crossplied laminate quality good.

5 Overall quality excellent except that prepreg Laminate quality excellent but used
supplied in 0.008-in. thickness instead of half the number of plies per laminate
of 0.005 in. as those of vendors 1,2, 3,4, and 6

because of prepreg thickness. This
resulted in faminates being somewhat
thin.

6 General quality very poor with considerable Laminate quality poor with considerable
filament separation and foldover. Resin “‘washboarding’’ occurring in both
distribution poor with bands of high and low unidirectional and crossplied laminates.
resin content occurring across tape width.
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Compression Properties

The Celanese method was followed for compression specimen configuration and testing. Tested
and untested specimens (with and without strain gages) are shown in figures 14 through 17, and speci-
mens installed in the Celanese test fixture are shown in figures 18 and 19. Data were not complete for
humidity and elevated-temperature exposure. However, the compression values obtained at ambient
temperatures are shown. The data indicate a low compression strength. On examination of the test
specimens and stress analysis, the conclusion is that the specimen thickness is such that the critical
buckling stress may have been exceeded.

The effect of specimen thickness variation will be verified by additional tests in that specimens
will be fabricated with a thickness of approximately 0.125 in. Specimens machined from panels exhib-
iting a “washboard” condition are extremely difficult to evaluate. -

Tensile Properties

Figure 20 shows unidirectional and crossply oriented test specimens in the failed condition. It is
felt that an improvement in ultimate strength and test consistency will be obtained by changing the
specimen configuration to a maximum thickness of 0.040 in.

The above change in specimen configuration will primarily affect the strength of the unidirec-
tional laminate loaded at 0°. Evaluation of test results at room temperature and 160° F led to the
conclusion that some uneven fiber loading may have occurred in the specimen at room temperature
that did not occur at 160° F when the resin softened slightly. This effect resulted in a strength
increase of approximately 3% to 8% at 160° F. The strength increase at 160° F may be somewhat typ-

‘ical, however, as indicated by a review of test results from technical literature. The thickness restric-
tion and its effect on strength will be verified by additional tests. ’

Short Beam Shear

The shear data show Boeing results to be consistently lower than vendor data. This could be
attributed to a difference in the span-to-depth ratio. Boeing tested at a 5:1 ratio and the vendors used
4:1. This will be explored through further testing.

Physical Properties

The prepreg data are not yet available. The volume fraction of the laminate has been evaluated
and varies from a low of 54% for vendor 1 to a high of 68% for vendor 2. Adjustments will be made
on the three suppliers’ materials in the production process to ensure uniformity of fiber volume in the
finished product. '



At completion of the preliminary screening program, some test discrepancies will be checked by
additional tests. A complete profile of physical, chemical, and mechanical properties will be obtained
on the three materials selected for fabrication of the production spoiler.

QUALITY CONTROL

Quality Control Research and Development effort has been devoted to development of nonde-
structive testing parameters for use in fabricating the task I production spoilers. Close coordination
has been maintained with engineering and manufacturing to aid in preparing the material and pro-
cessing specifications.

The major effort has been to establish the proper nondestructive testing parameters. To this end,

the following have been accomplished:

e Numerous composite test specimens have been evaluated nondestructively to aid in tech-
nique optimization. The techniques and instrumentation used include water-column-
coupled, ultrasonic, through transmission; Sondication (air-coupled ultrasonic); Fokker
bond tester; and harmonic bond tester.

o  Reference standards are being developed for instrumentation that will provide a common
base for each inspection technique.

@ The Boeing-developed C-scan recorder is a multicolored recorder that provides complete
NDT information in a single recording. This device allows the recording of each of 10 dis-
crete sound attenuation levels through the entire range of ultrasonic signals. Each of 10
colors represents one interval. Work is progressing toward improving the speed of the C-scan

‘recorder because it is relatively slow when compared to the conventional black-and-white
C-scan recorder (one level). ‘

e Inspection personnel are being trained for production use of the NDT facility.

e A draft of the NDT procedure is being prepared and will be available to manufacturing prior
to first-article inspection.

ENGINEERING DESIGN

The engineering drawings prepared for the Boeing independent research effort are in the process
of being redrawn and modified to reflect current process and material requirements applicable to



task I of the NASA contract. The drawings will also contain.minor design modifications that should :
enhance spoiler performance without any degradation of the values required for certification. Figure
21 shows the relationships of the essential elements of the spoiler.

The redrawing will afford an opportunity to update dash number assignment, eliminate other
experimental components, and afford the manufacturing section simpler and more efficient planning
and recordkeeping tasks.

PROCUREMENT

GRAPHITE MATERIAL

Since the first quarterly activity is devoted to screening and evaluating the graphite composite
materials of several candidate suppliers, no activity can be undertaken toward purchasing the required
graphite tape until the evaluation procedure has been completed and the resulting selections made
concurrently between NASA and Boeing.

METAL DETAILS

All aluminum detail components that are common for the task I spoiler and the production 737
spoiler are to be purchased from the current spoiler subcontractor. Negotiations have been concluded
and the appropriate purchasing orders placed with the subcontractor to supply these coraponents on a
~ schedule that will support the established production rate.

These components are:

65-49507-9 Center hinge fitting
65-37870-1 End hinge fitting
65-46451-3 Honeycomb core
65-46451-21 Clip

6545451-22 Clip

65-45451-17 Leading edge channel
6546451-18 Leading edge channel
10-60545-144  Bearing



PRODUCTION

TOOLING FABRICATION

Design of the production tooling has been a major effort for this reporting period. A total of
nine tools have been planned and designed, including a duplicate set of bonding assembly tools, which
are required to support autoclave curing of bonded assemblies at a one-per-day production rate.

The tooling designs are conventional production quality and would be capable of supporting
sustained production. All tooling will carry the label of, and remain the property of, NASA.

As of September 30, the tooling designs are 100% complete and the tooling fabrication is 75%
complete. Completion of all tooling is scheduled for October 20.

SPOILER PRODUCTION

Since tool fabrication is still in progress, the production sequence has not commenced in this
period. Figure 22 shows the task I spoiler production schedule, together with the preproduction
activities of tooling and procurement necessary prior to production of the first unit. Spoiler produc-
tion is expected to reach a maximum rate of one per day beginning in March 1973.

SPOILER TESTING

There has been no structural testing or testing associated with the service evaluation program
These activities are scheduled to commence during the third reporting period.

FAA CERTIFICATION

To conduct the service-evaluation portion of this program, FAA approval of both the task [ and
task Il spoilers will be required prior to installation of any units on commercial 737s. Approval has
been sought and obtained for the two units currently in service with Western Airlines (see fig. 1), and
approval of the task I spoilers is anticipated based on that approval. FAA Western Region has asked
for and been provided with a pictorial description of the lightning strike zones on the 737 airplane.

. 3
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AIRLINE COORDINATION

~ Anintegral part of the evaluation program is the scheduling of appropriate vehicles and com-
mercial routes over which the widest possible environmental exposure may be obtained. Consideration
was made of high-contamination industrial areas, high-humidity areas, salt-water atmosphere, and
conventional domestic routes with the attendant temperature ranges. Within these considerations, an
evaluation of service operator problems with structural elements similar to the spoiler also influenced
the selection of operators for this program.

Table 4 has been established as the distribution and retrieval plan for spoiler evaluation. The five
airlines identified on the plan are:

e  United

e  Pacific Southwest

o Aloha

o New Zealand

e Lufthansa

All of these operators have been contacted and have expressed interest in participating in the

spoiler program. The distribution of spoilers and the number of aiplanes allocated to each airline are
being finalized with the individual airlines in continuing negotiations.

GENERAL

PROGRAM SCHEDULE AND PROGRESS

A detailed program schedule has been established for the task I production effort (see fig. 22) in
conjunction with the schedule established for the entire spoiler program (fig. 23). Current commit-
ments from suppliers and subcontractors are compatible with this schedule.

11
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TABLE 4.—SPOILER DISTRIBUTION IN SERVICE EVALUATION PROGRAM

!

Airline Total units
Months | Material? 1 2 3 4 5 Material | Airplanes
' ()] (b) j(c)| (b} [(c} (b) |{e)] (b) jlc}| (b)
11ABCD|{ 1]JABCD| 1}ABCD| 1|ABCD| 1/|ABCD
1 21ABCD| 2JABCD 2|ABCD 36 9
3{ABCD
12 1 41ABCD! 3)JABCD] 2]ABCD! 2|ABCD| 3JABCD 36 9
5]/ABCD| 4{ABCD 3|ABCD| 4|ABCD
6/ABCD| 5{ABCD| 3|ABCD| 4JABCD| 5|ABCD
mn 71ABCD 4|ABCD 6{ABCD 36 9
8J]ABCD
1|ABCX| 1{ABCD/| 1|ABCD/| 1]JABCD| 1|ABCX
i 2|{ABCD| 2|ABCD 2|ABCD 34 9
3|/ABCD
24 H 4]ABCD} 3|ABCX| 2IABCD| 2|ABCX]| 3{ABCD 34 9
5/ABCD| 4|ABCD 3|ABCD{ 4{ABCD
6IABCX| 5!ABCD| 3|ABCX| 4/ABCD| 5jABCD
1i 71ABCD 4ABCD| - 6JABCD 34 9
8|ABCD
11ABCX| 1lABCX] 1/ABCX| 1]ABCD| 1{ABCX
! 2]ABCD} 2/ABCD 21ABCD 32 9
3|ABCD
36 1 4|ABCX| 3jABCX| 2 f\BCD 2|ABCX| 3|ABCX 32 9
5|ABCD| 4!ABCD 3{ABCD| 4|ABCD
6/ABCX| 5|ABCX]| 3|ABCX| 4|ABCD| 5JABCX
i 7{ABCD; - 4 ABCD 6/ABCD 32 0
8JABCD
11XBCX| 1/ABCX! 1{XBCX{ 1|ABCD; 1/ABCX
| 2|ABCD}] 2IABCD 2|ABCD 30 9
3|ABCD
48 H 41ABCX| 3IXBCX| 2/ABCD| 2|ABCX| 3{XBCX 30 9
5JABCD| 4|ABCD 3|ABCD|{ 4jABCD
 BIXBCX| 5jABCX| 3/ABCX| 4|ABCD| 5/XBCX
i 7|ABCD 4JABCD 6{ABCD 30 9
8{1ABCD
1IXBCX| 1XBCX! 1XBCX| 1/ABCD| 1|XBCX
| 2|ABCD| 2jABCD 2|ABCD 28 9
3|ABCD
60 1 41XBCX!| 3[XBCX| 2IABCD| 3[XBCX|{ 3{XBCX 28 9
5|ABCD| 4|ABCD 3JABCD| 4]ABCD
6IXBCX| 5IXBCX!| 3]XBCX]| 4|ABCD| 5|XBCX
1 7|ABCD 4|ABCD 6]ABCD 28 9
8|ABCD
Initial 32 20 16 16 24 108 27
units
Totals
Units 6 6 4 2 6 24 0
removed
Balance at 5 years 26 14 12 14 18 84 27

#Three different materials will be used

bAirpIanes used

CSpoiler positions (X indicates spoiler removed)

I




MOTION PICTURES

The photography unit is preparing a plan to acquire footage of the various elements of the task I
effort. Specific requirements relating to type of film, viewing time, etc., have been coordinated and
are being integrated into the planning. A specific format and schedule is being developed.

The Boeing Company -
P.O. Box 3707
Seattle, Washington 98124

13
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Proposed
spoiler
locations

FIGURE 2.—PLAN VIEW OF 737 AIRCRAFT
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-45° +45°

0° - > 0°
+45° -45°
Y
90°
00
’ J
Swatch of tape B’in
(all fibers oriented parallel to 0°direction) ! { :
’ ¥

Unidirectional iaminate:
All plies oriented in 0° direction

Crossplied laminate:
Plies oriented in following sequence
[0°, +45°, -45°, 90°, 90°, -45°, +45°, 0" »

Specimen loading
0° =load applied parallel to 0°direction
90° = load applied perpendicular to 0°direction

FIGURE 3.—TEST SPECIMEN FIBER AND LOADING ORIENTATION
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30

175°F

Apply 100 psi and vent =

\ Apply full vacuum

20 min

50 min

260°F

70 min

FIGURE 7.—-CURE CYCLE—-NARMCO




Apply 100 psi and vent

Apply full vacuum

60 min

350°F

90 min

FIGURE 8.—CURE CYCLE—DU PONT
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350°F

Apply 100 psi and vent
60 min

280°F

41 min 44 min

Apply full vacuum

FIGURE 9.—CURE CYCLE—-HERCULES

2hr




~ 350°F

Apply 100 psi and vent

Apply full vacuum

e}

60 min

FIGURE 10.—CURE CYCLE—-FOTHERGIL AND HARVEY

2 hr
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0.500 in. for 0° tension
B = 1.000 in. for 90°and crossplied tension
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FIGURE 11.—TENSILE TEST SPECIMEN
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FIGURE 12.—COMPRESSION TEST SPECIMEN
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£ IGURE 13.—SHORT BEAM SHEAR TEST SPECIMEN
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FIGURE 14.—TESTED AND UNTESTED COMPRESSION SPECIMENS—NO STRAIN

GAGES, EDGE VIEW

FIGURE 15.—

s i A AR b R N

L s e e gorae g e men o

TESTED AND UNTESTED COMPRESSION SPECIMENS—WITH STRAIN
GAGES, EDGE VIEW
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FIGURE 16.—TESTED AND UNTESTED COMPRESSION SPECIMENS—NO STRAIN
GAGES, FRONT VIEW

FIGURE 17.—-TESTED AND UNTESTED COMPRESSION SPECIMENS—WITH STRAIN
GAGES, FRONT VIEW ‘
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FIGURE 18.—CELANESE COMPRESSION TEST FIXTURE

FIGURE 19.—COMPRESSION SPECIMEN MOUNTED IN CELANESE TEST FIXTURE -

29



FIGURE 20.—FAILED TENSILE SPECIMENS—UNIDIRECTIONAL, 90° LOADING;
CROSSPLIED, 0° LOADING,; UNIDIRECTIONAL, 0° LOADING

30
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- 114 units
100k Tool fabrication
Detail part fabrication i
| Ol L IA & pAssembly and inspection
eliver metal details E::l
A

- Deliver graphite Complete first spoiler
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FIGURE 22.—SPOILER PRODUCTION SCHEDULE ~

o
te

bYa



133

1979

Activity

1972

1973

1974

1975

1978

3] 4

1

21 31| 4

1] 2

Task

Task

]

Prepare material and
processing specifications
Coordinate material selection
with NASA

Plan manufacturing and
tooling

Procure material

Fabricate and deliver NASA
environmental specimens

Fabricate spoilers

Test spoilers

Deliver and install spoilers
Observe spoilers .
l

Prepare material and
processing specifications

Perform engineering
studies and designs

Fabricate and deliver NASA
environmental specimens

Fabricate spoilers

Test and certify spoilers
Deliver and install spoilers
Observe spoiters

Reports

Quarterly progress reports

Manufacturing and testing
final report

Annual reports

Final report and oral
presentation at LRC

Documentary film

f——

v
I
——

4
£

v

FIGURE 23.—PROGRAM SCHEDULE




 APPENDIX

MECHANICAL PROPERTY DATA

Laboratory data compiled to screen the several graphité supplieré have been assembled in this

appendix. All testing was in Boeing Structures Techqology laboratories located in Renton, Washington.

Test specimens are individually identified according to the following code:
1-2AC-3
Specimen number: e

1-6 room temperature test
79 = 160°F test

10-15 = 30 days at 140° F and 100% relative humidity
16-21 = 42 days at 140° F and 100% relative humidity
Test type:
C = compression
S = short-beam shear
T = tensile

Load direction:

A = Q°
B = 90°
Layup type
1 = unidirectional
2 = crossplied [0°, -45°, +45°, 90°, 90°, +45°, -45°,0°] 5

Vendor number (1 through 6)

_ ~, - PAGE 52 INTENTIONALLY BLANK
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